Introduction
The addition of organic solvents as modifiers into an electrophoretic buffer solution is one of the most common techniques to improve the separation of capillary electrophoresis (CE). 1, 2 It brings out an expansion of the separation window by reducing the electroosmotic flow (EOF). However, the addition of organic solvent modifiers is not necessarily an effective strategy for the enhancement of a CE resolution from the standpoint of practical use, because the expansion of the separation window means delaying the separation time. The increase in the separation time discourages against a high-throughput analysis. It also causes peak-shape broadening, which means a substantial decrease of separation efficiency. If there is an "ideal" electrophoretic buffer modifier, it causes an improvement of the separation efficiency without any delay of the separation time.
Ion-association CE (IA-CE) 3 is based on the ion-association equilibrium between an analyte of highly and equally charged anionic metal complexes and an oppositely charged ion-association agent in the CE separation process. Metal complexes of Al(III), Co(III), Cr(III), and Fe(III) with 2,2′-dihydroxyazobenezene-5,5′-disulfonate (DHABS) were completely separated with the addition of a hydrophobic quaternary ammonium salt, tetrabutylammonium bromide, into the electrophoretic buffer solution, though they were observed as a single peak in normal capillary zone electrophoresis (CZE) separation because of their fixed identical charge. In IA-CE separation, besides the electrostatic attraction, the hydrophobic interaction between anionic metal chelates and a counter-cation had significantly contributed to the formation of ion-associates. It was also reported that the addition of bulkier counter cations that have larger hydrophobicity than tetrabutylammonium gave a poor resolution. 3 The difference in the electrophoretic mobility of the complexes arises from the difference in the magnitude of the interaction between each complex and the ion-association reagent, but a too strong interaction leads to a decrease in the difference in the electrophoretic mobility of each analyte, i.e. a descent in the resolution. It is inversely suggested that acceptable separation cannot be obtained if an appropriate interaction reagent is unavailable. An appropriate interaction reagent for the solutes cannot necessarily be found for all applications of IA-CE separation. A new control factor that can control the interaction between the analyte and the ion-association reagent to be appropriate is therefore urgently needed for expanding the scope of IA-CE separation and obtaining excellent separation.
Urea is well known as a denaturant for proteins and nucleic acids, 4, 5 and is a common denaturant choice for CE separation of nucleic acids. [6] [7] [8] We previously found that urea can be used as the new mobile phase modifier in the reversed-phase partition high-performance liquid chromatography (RP-HPLC), and demonstrated an organic solvent-free RP-HPLC system using an aqueous urea solution as a mobile phase. 9 A possible explanation of the effect of urea as a mobile phase modifier in the RP-HPLC process is that it leads to a reduction of the hydrophobic 2010 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. The effect of urea as an electrophoretic buffer solution modifier on the ion-association (IA) capillary electrophoresis (CE) separation of four anionic metal complexes of Al(III), Co(III), Cr(III), and Fe(III) with 2,2′-dihydroxyazobenezene-5,5′-disulfonate (DHABS) using a hydrophobic ion-association agent, tetrapentylammonium bromide, was studied. The mutual separation of the four anionic metal-DHABS complexes was not achieved without the addition of urea in the electrophoretic buffer solution. However, the addition of 1.5 M urea in the electrophoretic buffer solution brought about a complete separation of the four metal complexes. The ion-association constants between all metal-DHABS complexes and tetrapentylammonium in an aqueous urea solution were smaller than those in a neat aqueous solution. This indicates the hydrophobic interaction contributing to the ion-association between analytes and ion-association agent during IA-CE separation processes can be controlled with the addition of urea to the electrophoretic buffer solution. Another advantage of adding urea was a substantial enhancement of separation efficiency with a reduction of the half-bandwidth of the peaks. Also, a reduction of the electrophoretic mobility of the electroosmotic flow when urea was added was much less than when organic solvents were used. interaction in the RP-HPLC separation processes. Consequently, it occurred to us that the ion-association in IA-CE partly driven by hydrophobic interaction might also be able to control with the addition of urea to the electrophoretic buffer solution. We report here the effect of urea on the resolution of IA-CE separation of the four anionic metal-DHABS complexes using a bulky ion-association reagent, tetrapentylammonium bromide (TPABr), in which complete separation of the metal-complexes has never been completely achieved. It has been shown that urea can be used to improve the separation selectivity in miceller electrokinetic chromatography 10 and electrokinetic chromatography with cyclodextrin. [11] [12] [13] [14] [15] Yet, there have been no reports about the use of urea for improving the IA-CE resolution by controlling the ion-association of analytes and the interaction reagent. The fine-tuning of the resolution of IA-CE separation of metal complexes was accomplished as a function of the urea concentration. The contribution of urea as a control factor of a hydrophobic interaction between metal complexes and hydrophobic counter ion was also considered.
As described above, there have not been a few reports about the use of urea as a buffer modifier of urea for improving the CE resolution. Though their discussions have been limited to the improvement of the "separation" with the addition of urea, we newly paid attention to the improvement of "separation efficiency" with the addition of urea through the detailed discussion on the effect of urea on the resolution enhancement of IA-CE separation from the viewpoint of the solution properties of an aqueous urea solution. Sharpening of the peak shape is essentially the same as an improvement of the separation efficiency. 16 A higher viscosity of a remarkable characteristic of aqueous urea solution 17 brought out a CE resolution enhancement due to a restriction of the band broadening by diffusion, because the diffusion of solutes basically depends on the viscosity of the solution. 18 In addition, a smaller degree in the decrease of EOF with the addition of urea contributed to prevent the delaying separation time, though a large degree in the decrease of EOF with the addition of organic solvents decreased the delaying separation time. Urea was introduced as new-type and near "ideal" modifier.
Experimental

Reagent and apparatus
Disodium salt of 2,2′-dihydroxyazobenzene-5,5′-disulfonate (DHABS) was synthesized as described, 3 and was used as a 10 mM aqueous solution. Standard metal ion solutions were made by dissolving metal salts of chloride or nitrate in dilute HCl. A pH buffer component for complexation was 0.5 M tris(hydroxymethyl)aminomethane (Tris)-HCl buffer (pH 7.9). Urea (Wako, Japan) and TPABr (TCI, Japan) were of guaranteed reagent grade. All other reagents used were of guaranteed grade. The CE set-up used consisted of a JASCO (Japan) CE-970 spectrophotometric detector, a Matsusada Precisions (Japan) HCZE-30PNO high voltage d.c. power supply and a Shimadzu (Japan) Chromatopac C-R6A data processor. Fused-silica capillary tubing (62 cm length, 50 μm i.d.) was purchased from GL Science (Japan).
Procedure
Sample preparation. To a sample solution containing metal ions, a DHABS solution and a pH buffer component were added and diluted to 25 mL with double-distilled water, and then heated at 70 C for 20 min. After cooling to room temperature, an aliquot of the solution was injected into positive end of the capillary by siphonic action (Δh = 5 cm, 50 s). CE separation. The applying current for electrophoresis was adjusted in the range of 9 -15 μA for the voltage to be 22 kV. An electrophoretic buffer solution containing 5 mM NaH2PO4, 0 -25 mM TPABr, and 0 -5 M urea was adjusted to pH 7.0 by adding a 0.1 M NaOH solution or 0.1 M HCl solution. Each 2 M of acetonitrile (AcCN), ethylene glycol, (EtGly), and ethanol (EtOH) was also added into the electrophoretic buffer solution. Before loading the electrophoretic buffer solution, capillary tubing was rinsed with a 1 M NaOH solution, and then with double-distilled water each for 10 min with vacuum action. On-capillary spectrophotometric detection at 494 nm was performed 12 cm from the negative end.
Results and Discussion
Effect of the addition of urea to the electrophoretic buffer solution on the resolution of IA-CE separation of metal-DHABS complexes
Four metal complexes with DHABS expressed as [ML2] 5-, where M denotes Al(III), Co(III), Cr(III), and Fe(III), were not separated in the case of using a normal CZE separation because of their almost equal electrophoretic mobility according to their identical charge and composition. But, they were completely separated in IA-CE separation employing an electrophoretic buffer solution containing a hydrophobic quaternary ammonium, tetrabutylammonium. 3 The ion-association between the anionic metal complexes and oppositely charged ion-association agent takes an important role in the IA-CE separation mechanism. When an appropriate ion-association agent is used, the optimal separation can be obtained by altering the concentration of the reagent. As for the type of ion-association agent in IA-CE, when an unsuitable ion-association agent is used, sufficient separation cannot be obtained despite altering the agent concentration.
In fact, a bulky ion-association reagent, tetrapentylammonium (TPA + ), having larger hydrophobic interaction with the complexes gave a poor resolution in the IA-CE separation of metal-DHABS complexes. 3 
Figure 1a
shows a typical electropherogram of the IA-CE separation of the four M(III)-DHABS complexes using an electrophoretic buffer solution containing 20 mM TPABr and 5 mM NaH2PO4. While Al(III) and Co(III) complex of four M(III) complexes gave resolved peaks each other, the peaks of Co(III) and Cr(III) complex were overlapped. Co(III) and Cr(III) complex were not separated completely in spite of changing the concentration of TPABr. The hydrophobic interaction between the complexes and TPA + influences the ion-association equilibrium in the IA-CE separation process as well as the electrostatic attraction. We tried to control the interaction between the metal complexes and TPA + , and consequently to enhance the resolution of the complexes with the addition of urea to the electrophoretic buffer solution, because we previously found that urea reduced the hydrophobic interaction in the RP-HPLC separation processes, i.e. the solute partitioning and the solvation of bonded alkyl chain brush. 9 As shown in Figs. 1b -1e, the peak shape and the resolution of the complexes were altered with the addition of urea. All peaks were sharpened with the addition of urea. When 3 or 5 M urea was added, Cr(III) complex peak, that overlapped with Co(III) peak, drew away from Co(III) complex peak and came close to Al(III) complex peak. And then it overlapped with Al(III) complex peak. However, when 1 or 2 M urea was added, Cr(III) peak gradually moved away from Co(III) peak according to the increase in the urea concentration, and the resolution between the Cr(III) complex peak and the Co(III) complex peak was somewhat improved. We, therefore, tried to tune the resolution of the complexes preciously, and consequently to achieve complete separation of the four complexes by adjusting the concentration of urea in the range below 2 M. Figure 2 shows magnified electropherograms of the complexes with the addition of 0 -2 M urea (actual migration time of each electropherograms was not displayed). The Cr(III) peak gradually separated from the Co(III) peak with an increase of the urea concentration, and complete separation of these four complexes was obtained with the addition of 1.5 M of urea. Though only the Cr(III) peak seemed to move according to the concentration of urea, actually only the Cr(III) peak did not move, and both the electrophoretic mobility and the migration time of all complexes changed with the addition of urea as shown in Figs. 1 and 3 . If the Cr(III) complex shows the characteristic behavior, we can not explain it by the difference in the composition, or charge of the complexes, since these four complexes have the same composition and charge. In addition, they are also almost equal in size. Other factors, such as the magnetic property of the ion, might dictate it. Fine-tuning of the IA-CE separation was successfully performed by adjusting the urea concentration in the electrophoretic buffer solution, though the resolution could not be improved in spite of altering the ion-association agent concentration. It is thus noted that urea turned out an accessible electrophoretic buffer solution modifier that governs the resolution of the IA-CE separation.
Ion-association equilibrium between the metal-DHABS complexes with TPA + in aqueous urea solution
In order to clarify the effect of urea in the resolution enhancement of the IA-CE separation of the metal-DHABS complexes using TPABr as an ion-association reagent, the ion-association equilibrium between TPA + and the metal-DHBAS complexes in a neat aqueous solution and an aqueous urea solution was studied. Figure 4 shows the dependence of the concentration of TPABr in the electrophoretic buffer solution on the electrophoretic mobility of the metal-DHABS complexes without and with the addition of 3 M of urea to the electrophoretic buffer solution. Almost the same tendency was observed in the case of a free ligand (DHABS). The electrophoretic mobility of the complexes in an aqueous urea solution is generally smaller than that in a neat aqueous solution. This agrees with a decrease of the net electrophoretic mobility of the complexes with an increase of the urea concentration (see Fig. 3 ). In both neat aqueous solutions and aqueous urea solutions, the electrophoretic mobility of all complexes decreases with an increase of the concentration of TPABr, since the formation of an ion-associate with TPA + brings to the metal complexes both a decrease of the apparent charge and an increase of the apparent size. Considering the equilibrium of the formation of the one to one associate between each metal complex (ML2 Then, Kia was obtained by analyzing the μep′-TPA + concentration profiles shown in Fig. 4 using Eq. (2). Equation (2) well fitted all plots of the complexes, and the correlation coefficients for all fittings with Eq. (2) were above 0.99. Kia values found were summarized in Table 1 . Kia of all metal-complexes in the aqueous urea solution decreased more than those in a neat aqueous solution. It is suggested that urea reduces the interaction between the complexes and TPA + . The electrostatic interaction and hydrophobic interaction are expected to be the main interactions that contribute to the ion-association between the complexes and TPA + . Kia values of free DHABS were also determined by fitting, though the accuracy of the fitting (above 0.9) was not higher than the case of the complexes. Kia of DHABS in the aqueous urea solution more decreased than those in a neat aqueous solution.
The electrostatic interaction would be affected by the dielectric properties of the solution since the Coulomb force is inversely proportional to the permittivity of the medium. Though there has been little information about the dielectric property of aqueous urea solution, it was reported that the permittivity of an aqueous urea solutions was slightly larger than that of a neat aqueous solution. 19 It is thus expected that the ion-association in an aqueous urea solution is somewhat repressed compared with that in a neat aqueous solution. On the other hand, it was reported that urea reduced the hydrophobic interaction of the solutes in solution, 5 and that of in the liquid chromatographic separation process. 9 The hydrophobic interaction also makes a large contribution to the ion-association. 3 In the solvation of nonpolar solutes and bulky hydrophobic ionic solutes with nonpolar groups, such as tetraalkylammonium, in water, it has been widely recognized that the hydrophobic hydration shells, which consist of ordered and structured water molecules, are formed around the solutes. 20, 21 The hydrophobic hydration shells are also formed around the TPA + and the metal-DHABS complexes. The water molecules in the structured hydrophobic hydration shell have negative entropy. The ion-association via hydrophobic interaction is therefore an entropy driven system based on the release of the negative entropy of the structured water molecules; the overall system obtains positive entropy through a decrease of the water molecules in the structured hydrophobic hydration shells along with the close contact between TPA + and the metal complexes. It had been well known that the solubility of hydrophobic nonpolar solutes increases more in an aqueous urea solution than that in water. 22, 23 An explanation for the increment of the solubility of hydrophobic nonpolar solutes with the addition of urea is summarized as a displacement of water molecules in the hydrophobic hydration shell by urea. [24] [25] [26] [27] [28] Urea can act as both hydrogen-bond donor and acceptor, and it dissolves very well in water. In addition, urea and water mix nearly as ideal solution. 29 Urea dissolved in water breaks into a hydrogen-bond network between water molecules, and switches the positions with the water molecules in the network. In the same manner, urea enters the structured hydrophobic hydration shells of TPA + and the metal complexes, and switches positions with the water molecules in the shell. The total molecules in the hydration shell decrease with the displacement of water molecules with urea, since urea is bulkier than water. The negative entropy of the structured water molecules in the hydration shell therefore decreases with the addition of urea, [24] [25] [26] [27] i.e. the positive entropy that the overall a. The correlation coefficients for all the fitting of the complexes using Eq. (2) were above 0.99. system obtains by close contact of the complexes and TPA + decreases.
It is thus concluded that urea affects the ion-association equilibrium of the metal complexes and TPA + in the IA-CE separation process through diminishing the hydrophobic interaction between the complexes and TPA + by means of reducing of the entropic effect. It is not clear whether an electrostatic interaction or a hydrophobic interaction is the dominant interaction in the ion-association. However, it is clear that urea affects both of them in the above discussions. The results strongly suggest that urea is quite helpful as a new parameter that improves a resolution of IA-CE separation.
Effect of urea on the resolution enhancement of CE separation with a sharpening of the peak
The additional advantages of using urea as an electrophoretic buffer additive is a sharpening of the peak. Table 2 gives the half bandwidth, W1/2, of Co(III)-DHABS complex with the addition of 0 -5 M urea to the electrophoretic buffer solution. The W1/2 of the complex decreased as the urea concentration increased in an electrophoretic buffer solution. The sharpening of the peak means a substantial resolution enhancement. In fact, complete separation of the four metal-DHABS complexes with addition of urea is partly due to a sharpening of the peak by urea.
The diffusion of a solute in solution decreases with increasing viscosity of the solution, 18 and band broadening during the CE separation process is suppressed due to a decrease in the diffusion of the solute. 16 The diminution of W1/2 of the Co(III)-DHABS complex with the addition of urea is, therefore, partly due to the increased viscosity of an aqueous urea solution compared to that of a neat aqueous solution. 17 The contribution of the injection volume on the diminution of W1/2 with the addition of urea was considered, because W1/2 is proportional to the injection volume decreasing with the increase of the viscosity of the electrophoretic buffer solution. Though the viscosity of 5 M of aqueous urea solution increases in 20% compared to that of a neat aqueous solution, 17 the degree of the decrease of W1/2 in 5 M of an aqueous urea solution is larger than 20%. On the other hand, the migration time of the complex increased with the addition of urea, and W1/2 generally increases with an increase of the migration time. It is, therefore, suggested that the diminution in W1/2 is not only due to the decrease of the injection volume with the increase of viscosity, but also due to the properties of the aqueous urea solution, including viscosity. The viscosity of the aqueous solutions of the organic solvents, AcCN, EtGly, and EtOH, is also larger than that of a neat aqueous solution, and is not so different from that of a urea solution. 17 However, as shown in Table 2 , the degree of the diminution of W1/2 of the complex with the addition of urea is greater than that for organic solvents. This indicates the possibility of another factor for peak sharpening other than an increase of the viscosity. As described in the previous section, urea enters the structured hydrophobic hydration shell of the metal complex, and switches positions with the water molecules in the shell in an aqueous urea solution. [24] [25] [26] [27] [28] Therefore, the actual molecular size of the complexes including the hydrophobic hydration shell in aqueous urea solution becomes larger than that in a neat aqueous solution, since both the molecular size and the molecular weight of urea is much larger than those of the water molecule, and urea strongly interacts with water molecules through hydrogen-bonds. Both the increase of the actual molecular size of the complex and the increase of the viscosity solution decrease the diffusion of the complex in an aqueous urea solution. In an aqueous organic solvent solution, organic solvent molecules also switch positions with the water molecules in the hydrophobic hydration shell. However, the actual molecular size of the complex does not become large more than that in an aqueous urea solution, since both the molecular size and the molecular weight of the above-mentioned organic solvents are not much larger than those of the water molecule, and their interactions with water molecules are much smaller than that of urea. The assumption, the increment of the molecular size of the complexes in aqueous urea solution, does not contradict the fact that the net electrophoretic mobility of the complexes decreases with the addition of urea in an electrophoretic buffer solution (see Fig. 3 ).
As shown in Fig. 5 , the magnitude in the reduction of the electrophoretic mobility of EOF, μeof, when urea is added is markedly less than that in the organic solvents. The main factors acting on the magnitude of μeof are the viscosity, permittivity, and zeta potential. However, we can not explain the influences, since the influence of urea on μeof is due to the combined effect, and there has been no report concerning the zeta potential in an aqueous urea solution. The combination of the small reduction in EOF and the resolution enhancement due to the peak sharpening indicates that urea is a promising electrophoretic buffer modifier with different properties than the conventional organic solvent modifiers. Organic solvents of low permittivity have long been added to electrophoretic buffer solutions in order to expand the separation window by reducing the EOF. 1, 2 In the case of urea, however, a higher separation efficiency can be obtained within a shorter separation time due to the small degree of EOF reduction and the sharpened peak. In addition, these features are likely to lead to remarkable improvements in the separation in other CE systems in which the hydrophobic interaction does not come into play in the separation mechanism. The use of urea as an universal electrophoretic buffer solution in a wide range of CE applications is expected. As an example, we recently found a significant resolution enhancement with the addition of urea in the CE separation of single-base substituted single-stranded DNA with the same chain length.
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Conclusion
Urea was introduced as an electrophoretic buffer modifier for a resolution enhancement of the IA-CE separation. We successfully demonstrated upgrading of the resolution in the IA-CE separation of metal-DHABS complexes, in which more hydrophobic ion-association reagents have been used and sufficient resolution could not be obtained, despite altering the concentration of the ion-association reagent. One of the effects of urea on the resolution enhancement in IA-CE separation is explained by its ability to moderate the strong hydrophobic interaction: the replacement of the water molecules in the hydrophobic hydration shell decreases the entropic effect of the hydrophobic interaction. The additional advantage of using urea as an electrophoretic buffer modifier is that it sharpens the peak. Its use in electrophoretic buffer solutions results in a more rapid and precise separation compared to cases using conventional organic solvents, since the magnitude of the reduction of EOF when urea is added is markedly less than for the organic solvents. These characteristics of urea are also expected to be beneficial for a resolution enhancement of other CE separation systems not based on the ion-association between hydrophobic solutes.
